Chronic cannabis use is associated with residual negative effects on measures of executive functioning. However, little previous work has focused specifically on executive processes involved in performance monitoring in frequent cannabis users. The present study investigated event-related potential (ERP) correlates of performance monitoring in chronic cannabis users. The error-related negativity (ERN) and error positivity (Pe), ERPs sensitive to performance monitoring, were recorded from 30 frequent cannabis users (mean usage=5.52 days/week) and 32 cannabis-naïve control participants during a speeded stimulus discrimination task. The "oddball" P3 ERP was recorded as well. Users and controls did not differ on the amplitude or latency of the ERN; however, Pe amplitude was larger among users. Users also showed increased amplitude and reduced latency of the P3 in response to infrequent stimuli presented during the task. Among users, urinary cannabinoid metabolite levels at testing were unrelated to ERP outcomes. However, total years of cannabis use correlated negatively with P3 latency and positively with P3 amplitude, and age of first cannabis use correlated negatively with P3 amplitude. The results of this study suggest that chronic cannabis use is associated with alterations in neural activity related to the processing of motivationally-relevant stimuli (P3) and errors (Pe).
Introduction
Cannabis is the most commonly used illicit substance in the United States, and approximately 6.9 million Americans use cannabis on 20 or more days per month (Substance Abuse and Mental Health Services Administration, 2011). Repeated exposure to delta-9-tetrahydrocannabinol (THC), the primary psychoactive phytocannabinoid in cannabis, is associated with downregulation of the endogenous cannabinoid type 1 (CB1) receptors in the human brain (Villares, 2007) . CB1 receptors are found in high concentrations throughout the frontal cortex (Herkenham et al., 1990; Pattij et al., 2008) , a brain region critical for executive cognitive functioning. Previous research has found that chronic cannabis use is associated with residual (i.e. non-acute) negative effects on tests of executive functioning, including attention, concentration, response inhibition, cognitive flexibility, verbal fluency, and decision making (for a review, see Crean et al., 2011) . To date, however, relatively little work has focused specifically on executive processes involved in performance monitoring in the context of chronic cannabis use. This represents a significant gap in the literature, as deficits in behavioral monitoring or control have been identified previously as contributors to continued substance use despite adverse consequences (Garavan and Hester, 2007; Garavan and Stout, 2005) . The goal of the present study was to address this gap in the literature. To this end, we used event-related potentials (ERPs) to examine the neural correlates of error monitoring in chronic cannabis users and cannabis-naïve controls.
Error monitoring and processing are critical components of behavioral regulation. Such processes may signal the need for additional cognitive control processes, such as increased attention to task-relevant stimuli, thereby facilitating behavioral adaptation and control (Botvinick et al., 2001) . The ability to monitor behavior effectively has important implications for substance abuse. For instance, a drug user who is impaired in terms of the ability to self-monitor his or her behavior might fail to establish connections between actions (e.g. drug use) and negative outcomes (e.g. loss of a job, relationships, or freedom), which could contribute to increased use and a transition from casual use to abuse or dependence (Garavan and Hester, 2007) . Impaired behavioral monitoring also could compromise the ability to recognize internal cues (i.e. stressors) which lead to substance use, thereby contributing to greater relapse risk.
Event related potentials associated with performance monitoring
The error-related negativity (ERN) and error positivity (Pe) are two ERPs which are sensitive to neural processes involved in error detection and processing. To date, no studies have examined the associations between the ERN/Pe and chronic cannabis use, although previous research has shown that the ERN is disrupted in regular users of other drugs of abuse, such as cocaine (Franken et al., 2007; Sokhadze et al., 2008) and alcohol (Padilla et al., 2011; Schellekens et al., 2010) . The ERN is a negative-voltage, response-locked ERP which occurs approximately 50-100 ms after an incorrect response and is maximally negative over frontocentral scalp electrode sites (Gehring et al., 1993) . The ERN likely reflects the activity of a system involved in monitoring conflict between simultaneously active, but competing, response options (Botvinick et al., 2001; Botvinick et al., 2004; Carter and Van Veen, 2007; Van Veen and Carter, 2002; Yeung et al., 2004) . The neural generator of the ERN is believed to be the anterior cingulate cortex (ACC; Dehaene et al., 1994; Van Veen and Carter, 2002) . The ACC has been implicated in multiple processes related to behavioral monitoring and control, including response selection, conflict monitoring, and error detection (Bush et al., 2000) . Functional magnetic resonance imaging (fMRI) studies of chronic cannabis users have found evidence of ACC hypoactivity during cognitive control tasks, such as a Stroop task (Eldreth et al., 2004; Gruber and Yurgelun-Todd, 2005 ) and a go/no-go task (Hester et al., 2009 ). While there have been no previous studies of the residual effects of chronic cannabis use on ERN amplitude or latency, acute cannabis administration is associated with reduced ERN amplitude to errors relative to placebo (Spronk et al., 2011) . This finding is in line with reports of decreased behavioral regulation, a potential consequence of impaired performance monitoring, following acute cannabis administration Ramaekers et al., 2006) .
The Pe (Falkenstein et al., 1991; Falkenstein et al., 2000) is a positive-voltage ERP which follows the ERN and peaks at centroparietal sites approximately 200-400 ms after the commission of an incorrect response (Falkenstein et al., 2000) . The Pe has been less well-studied than the ERN, and its functional significance is less clear (Overbeek et al., 2005) . Research by Falkenstein and colleagues (2000) provided partial support for the notion that the Pe represents further post-error processing independent of the ERN. In addition, recent research has shown that the Pe, unlike the ERN, is sensitive to participants' awareness that they have committed an error (Endrass et al., 2007; Nieuwenhuis et al.,2001; Shalgi et al., 2009) . The neural generator of the Pe is unclear as well, but candidate generators include the parietal cortex (Falkenstein et al., 2000) and rostral ACC (Van Veen and Carter, 2002; Herrmann et al., 2004) . No previous studies have reported on acute or residual effects of cannabis use on the Pe.
The P3
Several authors have noted that the Pe is sensitive to the salience and motivational significance of the error to the individual, similar to the well-known "oddball" P3 ERP (Endrass et al., 2007; Nieuwenhuis et al., 2001; Ridderinkhof et al., 2009) . The "oddball" P3, also known as the P3b, is a positive-going wave that peaks at 300 ms post-stimulus and is most commonly observed following presentation of infrequent target stimuli during stimulus detection tasks (Polich, 2004; Polich and Criado, 2006) . The amplitude of this component is believed to reflect attention and memory processes involved in updating stimulus representations (Polich, 2004; Polich and Criado, 2006) , whereas its latency represents stimulus evaluation speed (McCarthy and Donchin, 1981) . While substance abuse generally is associated with reduced P3 amplitude (Ceballos et al., 2009; Singh and Basu, 2009 ), studies of this component in cannabis users have produced mixed results. Previous studies reported increased (Skosnik et al., 2008) , decreased (Kempel et al., 2003) , and equivalent (De Sola et al., 2008; Patrick et al., 1995; Solowij et al., 1995) P3 amplitude among chronic cannabis users relative to non-users. Similarly, P3 latency has been found to be increased (Kempel et al., 2003; Solowij et al., 1995) and decreased (De Sola et al., 2008) in cannabis users. Differences in participant characteristics (e.g. duration of cannabis use, history of other drug abuse) could contribute to discrepancies in results across studies but this possibility has not been well-studied to date. The P3 and Pe share several properties, including timing and scalp topography, which has led to speculation that these components may represent similar cognitive processes (Davies et al., 2001; Ridderinkhof et al., 2009 ). Hester and colleagues (2005) reported greater activation bilaterally in preferontal and parietal cortices during errors of which participants were aware versus those of which they were unaware. The authors concluded that these results support the notion that the Pe and P3 represent similar processes, as prefrontal and parietal generators are believed to underlie the P3 as well (Soltani and Knight, 2000) .
Purpose of the present study
The primary purpose of the present investigation was to compare chronic cannabis users with cannabis-naïve control participants on ERP correlates of performance monitoring (the ERN and Pe). If cannabis users show aberrations in those ERPs then this might suggest that neural activity related to behavioral monitoring is disrupted in those individuals, similar to previous observations in chronic users of other substances of abuse (Franken et al., 2007; Padilla et al., 2011; Schellekens et al., 2010; Sokhadze et al., 2008) . This could have important implications for improving our understanding of how individual differences in these processes influence decisions to use cannabis. We also compared the groups on the stimulus-locked P3, as previous studies of this potential in chronic cannabis users have produced inconsistent results. A previous study of chronic users found that heavier cannabis use is associated with greater decreases in neuropsychological performance across multiple domains, including executive function (Bolla et al., 2002) . Therefore, we also examined intercorrelations among cannabis use variables (age of first use, total years of use, quantity, and frequency), urinary levels of THC and THC's inactive and active metabolites (THC-COOH and OH-THC respectively), and ERP and behavioral outcomes for the cannabis-using group to explore whether individual differences in the duration or intensity of cannabis use might be associated with similar changes on ERP or behavioral outcomes related to executive functioning. Based upon previous reports (Eldreth et al., 2004; Gruber and Yurgelun-Todd, 2005; Hester et al., 2009) we hypothesized that, relative to controls, cannabis users would demonstrate impaired performance monitoring as evidenced by reduced ERN and Pe amplitudes in response to errors on a continuous performance task. We also expected that users would exhibit reduced P3 amplitude as well in light of previous reports which have suggested that the Pe and P3 share similar properties (Endrass et al., 2007; Nieuwenhuis et al., 2001; Ridderinkhof et al., 2009 ). However, we considered this hypothesis tentative because studies of the P3 in chronic cannabis users and non-using controls have produced conflicting results (De Sola et al., 2008; Kempel et al., 2003; Patrick et al., 1995; Skosnik et al., 2008; Solowij et al., 1995) .
Methods and materials
Participants Participants were recruited from the local university and surrounding community and completed the present study as part of a larger study of cannabis use, executive functioning, and neural processing. Thirty-three cannabis-naïve controls (13 female) and 33 cannabis users (6 female) completed the study. Data from one control were excluded due to equipment failure. Data were excluded from three cannabis users who reported using cannabis less than 24 h prior to participation to minimize the potential influence of recent cannabis use on study outcomes. Thus, the final sample consisted of 32 controls and 30 cannabis users (see Table 1 ). All participants provided informed consent and were paid $10 per hour for their participation. The study was approved by the local institutional review board.
Formal inclusion criteria were as follows: (a) For the cannabis group: current cannabis consumption at the rate of at least once per week during the past month, no other illicit substance use during the past three months, and no current or past diagnosis of any DSM-IV Axis I or II disorder except cannabis abuse or dependence (including no current or past abuse of or dependence upon any other illicit substance) as determined via the Structured Clinical Interview for DSM-IV Axis I and II Disorders (SCID-I and SCID-II; First et al., 1997; First et al., 2002) ; (b) For the control group: no history of any illicit substance use (including cannabis) and no history of psychiatric illness (Axis I or II); (c) For all participants: ages 18-35 years, completion of high school education, no history of cardiovascular disease, hearing problems, neurological disease, learning disability, or head injury resulting in loss of consciousness, and self-reported alcohol consumption less than or equal to three standard drinks per day for males and two standard drinks per day for females. Some members of the cannabis using group reported past experimental use of other illicit substances, as follows (the number in parentheses represents the number of participants in the cannabis-using group who reported any prior use of each substance): sedatives (9), ecstasy (3,4-methylenedioxymethamphetamine (MDMA)) (5), stimulants (11), opiates (7), hallucinogens (13), salvia divinorum (12), and inhalants (4). Cannabis users were asked to abstain from cannabis use for 24 hours prior to participating in the study to minimize the possible effects of acute cannabis intoxication. Cannabis and alcohol use patterns were assessed as described previously (Fridberg et al., 2011; Skosnik et al., 2007) . Briefly, a locally developed substance-use questionnaire based on a time-line follow-back approach and the SCID-I module E were used to ascertain current and past patterns of drug and alcohol use. All participants were asked to report the quantity (average number of alcoholic drinks) per week over the one-month period prior to their participation and frequency (average number of drinking occasions) per week over that same period. For the cannabis-using group, measures of frequency (days/week using cannabis) and quantity of cannabis consumption (joints/week) were determined via the questionnaire for the month prior to the test session. Age of first cannabis use and total years of use were estimated to provide measures of total lifetime cannabis use. Self-reported recent drug use was corroborated using urine drug screens (Q10-1, Proxam) and quantitative urinary cannabinoid analysis. Participants included in the control group tested negative for all drugs, whereas those included in the cannabis-using group tested positive for cannabis (THC-COOH) only. All participants were administered the American National Adult Reading Test (ANART; Strauss et al., 2006) as an estimate of verbal IQ (Gladsjo et al., 1999) . Table 1 . Demographics and substance use data for the control and cannabis-using groups. Values are provided as means (standard deviation (SD)) unless otherwise noted.
Outcome
Controls ( 
XO continuous performance task (XOCPT)
The XOCPT is a simple two-choice discrimination task designed to elicit response conflict by requiring participants to suppress a well-rehearsed, prepotent motor response in favor of an alternative response during rare trials. Participants were instructed that they would complete a simple test of attention in which they would have to quickly discriminate between "X" and "O" stimuli presented rapidly on the screen. Speed and accuracy were emphasized equally in the task instructions.
Stimuli and procedure. Each trial of the XOCPT started with the presentation of a fixation point (asterisk) in the center of the computer screen for 350 ms. The fixation point was then replaced by a letter stimulus ("X" or "O") for 80 ms. Participants were then permitted up to 800 ms to indicate whether the letter presented was an "X" or an "O". Following a response, a blank screen was presented for 450, 500, 550, 600, or 650 ms prior to the start of the next trial. Participants indicated the identity of the target letter stimulus by pressing a key using the index (for an "X") and middle (for an "O") fingers of their dominant hand. One stimulus was assigned to be the rare stimulus prior to the start of the task. The identity of the rare stimulus was counterbalanced across participants. The frequent stimulus was presented on 80% of trials, whereas the rare stimulus was presented on 20% of trials. This difference in stimulus frequency was intended to produce a prepotent response bias to the frequent stimulus which had to be suppressed in favor of an alternate response during presentations of the infrequent stimulus. Participants were instructed to make their responses as quickly and accurately as possible. In order to increase task difficulty and encourage rapid responding, participants did not receive feedback after each response. Participants completed a block of 30 practice trials, during which both stimuli were presented an equal number of times, prior to the start of the actual task to familiarize them with the input scheme and response time requirements. The XOCPT consisted of four blocks of 125 discrimination trials. The rare stimulus was presented on 25 (20%) trials per block, whereas the frequent stimulus was presented on 100 (80%) trials per block. Trials were presented randomly within each block. Rest periods were offered following blocks 1, 2, and 3. The presentation computer recorded participants' response time and accuracy for each trial. Seven control participants completed a shorter version of the task which consisted of four blocks of 100 trials each. All other task parameters were identical, and there were no differences in performance outcomes between participants that completed the shorter and longer tasks (ps>0.40). Therefore, the data were collapsed across the shorter and longer tasks for all subsequent analyses. The task took approximately 8 min to complete.
Electroencephalogram (EEG) data collection and processing. EEG was recorded continuously (band pass 0.1-100 Hz; sampling rate 1000 Hz) from the scalp using a 37-channel Ag/AgCl electrode cap with a nose reference (Compumedics Neuroscan, USA). Scalp electrodes were placed according to the international 10-20 system. Additional electrodes were placed above and below the participant's left eye to measure the vertical electrooculogram (VEOG), and a forehead electrode served as the ground. Electrode impedances were maintained below 10 kΩ. Participants completed the EEG recording session in a sound-attenuated room while sitting upright in a chair. Stimuli were presented on a Power Macintosh computer using SuperLab stimulus presentation software. Participants made their responses using a computer keyboard. Stimuli were presented on a 17-inch cathode ray tube monitor centered 70 cm away from the participants.
Data analysis focused on midline electrodes (FCz, Cz, CPz, Pz, Oz) since most studies of the ERN, Pe, and P3 have reported on those sites. EEG data were filtered using a 0.05-40 Hz (12 dB/ octave roll-off) band pass filter. Data were segmented from 200 ms before each response to 800 ms after each response for the ERN/Pe, and from 200 ms before each stimulus to 800 ms after each stimulus for the P3. The average value from the 200 ms baseline period was subtracted from all sample points in the epoch for baseline correction. Eyeblinks were statistically removed from the data using the method of Gratton and Coles (1983) and any epoch containing voltages in excess of ±100 µV were excluded from further analysis. Epochs containing correct and incorrect responses, and those containing rare and frequent stimuli were averaged separately. The average of the incorrect response trials was used to identify the ERN and Pe, whereas the average of the rare stimuli trials was used to identify the P3. The peak latency of all ERPs was measured at the electrode site where the waveform of interest, grand-averaged across all participants, was largest. For each participant, ERPs were measured as the mean of the maximallynegative voltage and the surrounding 20 data points (i.e. the maximal value±10 data points) within a predetermined time window, relative to the incorrect response (ERN/Pe) or presentation of the rare stimulus (P3). ERN amplitude was measured at FCz between -50 and 150 ms relative to the response. Pe was measured at CPz between 100 ms and 450 ms post-response. P3 was measured at CPz between 280 ms and 600 ms post-stimulus. After preprocessing, the mean (standard deviation (SD)) number of epochs included in the analyses of the ERN and Pe was 31.34 (24.52) for controls and 31.23 (14.51) for cannabis users. The mean (SD) number of epochs included in the analyses of the P3 was 98.13 (2.69) for controls and 95.87 (6.89) for cannabis users.
Quantitative urinalysis
THC, THC-COOH, and OH-THC. The samples were initially analyzed for THC and THC-COOH by gas chromatography-mass spectrometry (GC-MS) using the extraction described by Foltz et al. (1983) and the GC-MS conditions described by Huang et al. (2001) . The assay had an analytical range of 0.5 to 100 ng/mL with 1.0 mL aliquots. To ensure measurement of both analytes, the urine samples were analyzed for THC on a 1.0 mL aliquot and THC-COOH on a 0.1 mL aliquot. For THC, the aliquots were pretreated with ß-glucuronidase for 18 h at 37°C. For THC-COOH, the samples were not pretreated, but the analysis preparation involves an extraction step that includes the addition of 0.2 N sodium hydroxide. Under these basic conditions, THC-COOH is freed from its glucuronide conjugate. Duplicate calibrators (1.0 mL with both THC-COOH and THC) were at 0.5, 1.0, 2.5, 5, 10, 25, 50 and 100 ng/mL. Duplicate 1.0 mL (with both THC-COOH and THC) quality control samples (QCs) were included at 1.5, 10 and 80 ng/mL. Triplicate 0.1 mL dilution QCs were included at 200 ng/mL. Subsequently, the method was improved by using gas chromatography-tandem mass spectrometry (GC-MS/MS) with the addition of 11-hydroxy-THC (OH-THC) to the assay. This assay had a quantitative range of 0.1 to 100 ng/mL with a 1.0 mL aliquot. All samples were reanalyzed to determine OH-THC using the ß-glucuronidase pretreatment. Besides obtaining the OH-THC concentration, some samples with THC or THC-COOH results less than the lower limit of quantitation in the initial analysis now had quantifiable results.
Creatinine. Creatinine was determined using a microplate colormetric test based on the Jaffe reaction where picric acid reacts with creatinine to form a colored product. Samples were diluted 20-fold (0.025 mL plus 0.475 mL water). Duplicate 0.5 mL calibrators were run at 2, 4, 6, 8, 10, 12 and 15 mg/dL. Due to sample dilution, the calibration range was 40-300 mg/dL. Triplicate diluted QCs were included at 25 and 100 mg/dL. Samples outside the calibration range were repeated using a smaller or larger dilution as needed. THC, THC-COOH, and OH-THC concentrations were normalized by creatinine levels to account for differing levels of urine dilution across subjects (THC/Cr, THC-COOH/Cr, and OH-THC/Cr respectively).
General procedure
The study took place over two testing sessions conducted on separate days. During the first session, participants provided informed consent and were administered the SCID-I and SCID-II psychiatric interviews, ANART, and additional pencil and paper measures of personality which were part of the larger study battery and are not presented here. Upon arrival to the laboratory for the second testing session, participants completed the drug use history questionnaire and urine screen. The urine sample was packaged and submitted for quantitative urinalysis. Next, participants completed the EEG recording procedure, followed by additional computer-based measures of cognition which were part of the larger study battery.
Data analysis
Cannabis user and control groups were compared on demographic, behavioral, and ERP outcomes via analysis of variance (ANOVA). Aside from cannabis use, users and controls differed on some demographic and substance use variables (see Table 1 ). Specifically, the user group was slightly less educated (13.07 years for users, 13.97 years for controls, p=0.01), contained a higher proportion of current tobacco users (eight in the user group, none in the control group, p=0.002), consumed more alcohol (mean 3.80 drinks/week for users, 0.69 drinks/week for controls, p<0.001), and used alcohol on more days per week (mean 1.65 days/week for users, 0.48 days/week for controls, p<0.001). Since the groups differed on years of education, tobacco, and alcohol use, we calculated Spearman correlation coefficients to determine whether individual differences in these variables were related to differences in ERP outcomes within each group. Finally, we used Spearman correlations to explore potential associations between quantity and frequency of cannabis use and ERP outcomes. Alpha was set to 0.05 for all analyses, and all tests were two-tailed. PASW Statistics 18.0 was used for all analyses.
Results

XOCPT task performance
Cannabis users and controls performed similarly on the XOCPT overall, as evidenced by a similar number of total errors on the task (see Table 2 ). There were no between-group differences in errors to frequent or infrequent stimuli. However, response times (RTs) to correct (p=0.001) and incorrect (p=0.005) trials were significantly faster among cannabis users relative to controls.
ERP results
ERN. The ERN was maximal at FCz across the entire participant sample, so group comparisons focused on latency and amplitude at that site. Response-locked ERP waveforms at FCz to incorrect trials for the user and control groups are shown in Figure 1(a) . ANOVA revealed that ERN latency at FCz did not differ significantly between users and controls, F(1,60)=0.70, p=0.41. Furthermore, ERN amplitude at FCz did not differ between the groups, F(1,60) =1.11, p=0.30. Pe. The Pe was largest at CPz across all subjects. Responselocked ERPs to incorrect trials at CPz are shown in Figure 1(b) . Pe latency did not differ significantly between the groups, F(1,60)=0.96, p=0.33. However, Pe amplitude at CPz was significantly larger among the cannabis using group relative to controls, F(1,60)=5.68, p=0.02 (Figure 1(b) ).
P3. The stimulus-locked P3 was elicited by infrequent stimuli and was largest at CPz across all subjects. P3 latency to rare stimuli was significantly shorter among cannabis users relative to controls, F(1,60)=13.54, p=0.001. In addition, the effect of group was significant for P3 amplitude, such that average P3 amplitude to infrequent stimuli was larger in the cannabis using group versus to the control group, F(1,60)=6.26, p=0.015 (see Figure 2 ). Associations between sex, education, alcohol and tobacco use variables, and ERP outcomes. Men made up a larger proportion of the cannabis-using group than the control group, although this difference was not statistically significant (Table 1) . Regardless, we re-analyzed our ERP outcome measures using ANOVA with the factors group and sex to explore potential sex effects in our data. Sex was not a significant contributor to any ERP outcome (all Fs<0.86, all ps>0.36) . Cannabis users and controls differed significantly with regard to total years of education, tobacco use, and alcohol use (Table 1) . Therefore, we used Spearman correlations to determine whether individual differences in these variables were related to differences in ERP outcomes within each group. Education and alcohol use quantity and frequency were unrelated to the amplitude or latency of the ERN, Pe, or P3 in the control (all r s <0.28, all ps>0.12) and cannabis user (all r s <0.34, all ps>0.07) groups. With regard to tobacco use, there was a trend for cannabis users who used tobacco to exhibit shorter P3 latencies than cannabis users who did not use tobacco, F(1,28)=3.83, p=0.06, but no other comparisons approached significance (all ps<0.37).
Correlations among urinary cannabinoid metabolite concentrations, cannabis use variables, and ERP and behavioral outcomes. Spearman rank-order correlations between cannabinoid metabolite levels, cannabis use variables (quantity and frequency of use, age of first use, and total years of use) and ERP outcomes for the cannabis-using group are shown in Table 3 . Quantity of cannabis use (joints consumed/week) correlated positively with THC-COOH: creatinine levels (p<0.05) and OH-THC: creatinine levels (p<0.05). THC-COOH: creatinine levels and OH-THC: creatinine levels correlated positively with cannabis use frequency (days using cannabis/week) (ps<0.01) and negatively with duration of abstinence from cannabis prior to the EEG session (ps<0.001). With regard to ERP outcomes, P3 latency correlated negatively with total years of cannabis use (p<0.05). P3 amplitude correlated negatively with age of first cannabis use (p<0.05) and positively with total years of use (p<0.05). Pe latency correlated positively with P3 latency (p<0.01), and Pe amplitude correlated positively with P3 amplitude (p<0.001) (see Table 3 ). Finally, we conducted additional exploratory correlation analyses to determine whether individual differences in error rates and RTs on the XOCPT among cannabis users were related to recent cannabis use as determined via urinary metabolite concentrations. There were significant correlations between number of errors to rare stimulus trials and THC-COOH: creatinine levels (r s = −0.37, p=0.04) and OH-THC: creatinine levels (r s = −0.42, p=0.02). No other correlations were significant (all ps>0.06).
Discussion
Summary of results
The primary purpose of the present investigation was to compare chronic cannabis users with cannabis-naïve control participants on the ERN and Pe, ERP correlates of performance monitoring. We also compared users and controls on the amplitude and latency of the P3, which are believed to represent processes associated with attention/memory and stimulus evaluation, respectively. Users and controls committed a similar number of errors on a speeded discrimination task, the XOCPT, but RTs during correct and incorrect trials were significantly faster among members of the user group. Contrary to our expectations, users and controls did not differ in terms of the amplitude or latency of an ERP correlate of responsemonitoring, the response-locked ERN, following incorrect trials on the XOCPT. In addition, Pe amplitude following errors was significantly larger among users relative to controls, while Pe latency did not differ between the groups. Similarly, the user group demonstrated larger stimulus-locked P3 amplitude and shorter P3 latency relative to controls to rare stimuli. Exploratory correlation analyses revealed that cannabis usage variables were unrelated to ERN and Pe amplitude or latency. Greater total years of cannabis use were associated with shorter P3 latency and greater P3 amplitude, and greater age of first cannabis use was associated with lower P3 amplitudes. Higher urinary cannabinoid metabolite levels, reflecting recent cannabis use, were related to increased self-reported cannabis use and fewer errors on the XOCPT, but were unrelated to ERP outcomes.
Significance of the ERN in cannabis users and comparison with previous studies
A limitation of the ERP technique is that the precise neuroanatomical generator of components such as the ERN cannot be determined conclusively from waveforms recorded at the scalp. However, prior studies incorporating both EEG and fMRI have identified the ACC as the putative neural generator of the ERN (for a review, see Taylor et al., 2007) . Although we are unaware of any previous research comparing ERN amplitude and latency in chronic cannabis users versus non-using controls, previous fMRI research found reduced ACC activity in heavy cannabis users relative to non-users (Eldreth et al., 2004; Gruber and Yurgelun-Todd, 2005; Hester et al., 2009) . There are several possible explanations for the apparent discrepancy between the results of those studies and the findings of the present investigation. For instance, previous investigations of ACC activity in cannabis users relied upon Stroop (Eldreth et al., 2004; Gruber and Yurgelun-Todd, 2005) and go/no-go (Hester et al., 2009 ) tasks which may have been more cognitively demanding and more sensitive to subtle deficits in ACC functioning associated with chronic cannabis use than the XOCPT. Those studies also relied upon smaller (9≤n≤16) samples of older users (mean age approximately 25 years versus 20 years in the current study) who may have used more heavily than users in the present study. Frequency (Bolla et al., 2002) and duration (Solowij et al., 2002) of cannabis use have been shown to correlate negatively with cognitive performance among chronic users. However, we did not observe significant correlations between self-reported cannabis usage variables or THC metabolites and ERN amplitude or latency. It is possible that disruptions in ACC functioning and, consequently, ERN deficits may emerge after longer periods of frequent cannabis use, and that users in the present study had not used for a duration sufficient to observe such effects. For instance, the study by Gruber and Yurgelun-Todd (2005) examined neural correlations of performance monitoring in cannabis users who were slightly older (mean age=26.8 years) and had used cannabis over a longer period of time (mean age of onset=14.1 years) than those in the present study.
Association between the Pe and P3 in cannabis users
We found that chronic cannabis use was associated with greater peak response-locked Pe amplitudes and stimulus-locked P3 amplitudes. The precise functional significance of the Pe is unclear, but the Pe is similar to the P3 in terms of scalp topography, timing, and functional properties (Overbeek et al., 2005) . Indeed, Pe amplitude and latency correlated significantly with P3 amplitude and latency within participants in the present study. Pe amplitude is large following trials in which participants are aware of the fact that they committed an error (aware errors), and absent following trials of which they are unaware of an error (unaware errors) (Endrass et al., 2007; Nieuwenhuis et al., 2001; Shalgi et al., 2009) . This suggests that the Pe is sensitive to the motivational significance of an error (Overbeek et al., 2005) . That is, aware errors presumably would be considered more salient, and would be more likely to be associated with behavioral change (e.g. correcting one's error or exercising caution to avoid similar Table 3 . Spearman correlations among cannabis use variables and event-related potential (ERP) outcomes for the cannabis-using group (n=30). errors in the future) than unaware errors. P3 amplitude is sensitive to motivational significance as well, as P3 amplitude is significantly larger following relevant target stimuli versus irrelevant non-target stimuli (Polich and Criado, 2006) . Thus, both the Pe and P3 may reflect neural activity sensitive to the motivational properties of an event. While these results are consistent with the notion that the Pe and P3 covary, they do not demonstrate conclusively that both components reflect the same underlying cognitive processes, nor do they explain why the amplitude of these components would be increased in chronic cannabis users. One possible explanation for these findings is that increased Pe/P3 amplitude among cannabis users reflects "compensatory" neural activity during trials where errors are likely, or in response to the actual commission of an error. Evidence for this position comes from previous neuroimaging studies which found more diffuse patterns of blood-oxygenlevel dependent (BOLD) activity during inhibitory control tasks among users versus controls, despite similar error rates between the groups (Eldreth et al., 2004; Gruber and Yurgelun-Todd, 2005; Hester et al., 2009) . A similar effect has been observed in adolescent cannabis users as well (Tapert et al., 2007) . In addition, a recent study of frequent users of MDMA and cannabis found evidence of greater BOLD response in frontal and parietal regions during successful inhibitions, and in temporal, frontal, and cingulate regions following incorrect responses on a go/no-go task (Roberts and Garavan, 2010) . Cannabis users may need to devote more cognitive resources to perform equivalently to controls on inhibitory control tasks, which may be reflected in between-group differences in neural activity to stimulus characteristics and response outcomes. This effect could be more pronounced in heavier users, which could explain why longer use (i.e., total years) was associated with shorter P3 latency and greater P3 amplitude, and why higher urinary metabolite levels were associated with relatively better performance (i.e., fewer errors) on the XOCPT task among cannabis users in the current study. In addition, we speculate that compensatory processing among cannabis users could explain why ERN amplitudes were similar between cannabis users and controls in the present study, whereas Pe amplitudes differed between the groups. Cannabis users and controls may not have differed in terms of their ability to detect the presence of errors, resulting in equivalent ERN amplitudes between the groups. However, users may have needed to devote extra resources to avoid committing errors on the task, relative to controls. The extra attention paid by users to their performance on the task may have resulted in increased post-error activity when those errors did occur, as users may have been more attentive to those errors than controls. Future EEG or fMRI studies could manipulate the difficulty of an inhibitory control task to determine whether increases in difficulty are associated with increases in compensatory neural activity among cannabis users.
The possibility that cannabis users show compensatory neural activity in response to demands to monitor their behavior represents a promising avenue for future research, but there are other plausible explanations for the observed increased amplitudes of the Pe and P3 among cannabis users in the present study. One possibility is that cannabis users were more anxious then controls, or experienced higher levels of arousal during the task. Increased state anxiety is associated with increased P3 amplitude (Grillon and Ameli, 1994) , and persons who meet diagnostic criteria for an anxiety disorder show greater P3 amplitude relative to non-anxious individuals (Enoch et al., 2001) . Similarly, Hajcak and colleagues (2003) reported that greater autonomic arousal (skin conductance response) was associated with greater Pe amplitude following errors on a Stroop task. While no participant in the present study met DSM-IV criteria for any anxiety disorder, we did not assess state anxiety or subjective arousal during the task. A future study could study psychophysiological processes related to behavioral monitoring in cannabis users under varying conditions of anxiety or arousal to determine the extent to which differences in state anxiety affect the pattern of results obtained in the present study.
P3 latency
Peak P3 latency was faster among the user group relative to the control group in the present study, and total years of cannabis was negatively correlated with P3 latency among users. P3 latency is believed to reflect neural activity related to stimulus processing speed or cognitive efficiency, independent of motor reaction time (Polich and Criado, 2006) , such that faster or more efficient processing is associated with shorter peak latency (Polich, 2007) . Like P3 amplitude, previous studies of P3 latency in chronic cannabis users have produced mixed results, with some studies reporting increased (Solowij et al., 1995; Kempel et al., 2003) and decreased (De Sola et al., 2008) P3 latency in those individuals. Similar to the present results, the study by de Sola and colleagues (2008) found that greater lifetime cannabis use was associated with shorter peak P3 latency; however, that study examined this association in a mixed sample which included 14 individuals who used MDMA and cannabis in addition to 13 individuals who used cannabis only. The present results suggest that reduced peak P3 latency may be observed in response to motivationally-relevant stimuli among chronic cannabis users who do not use other drugs heavily. One possible explanation for the present finding is that cannabis users were more efficient at processing infrequent ("oddball") stimuli during the XOCPT task than were non-users. This is in line with the finding that users' RTs were significantly faster during the task, despite equivalent levels of behavioral performance (i.e. errors). Of note, a previous study reported faster RTs among current cannabis users relative to past users and non-using controls during an attentional inhibition (negative priming) task (Skosnik et al., 2001) . However, in contrast to the present study, users' faster RTs in that study were accompanied by greater attentional disinhibition on the task.
Alternatively, cannabis users in the present study may have had a tendency to respond more impulsively than non-users on the XOCPT, which would result in faster RTs among members of the former group. Impulsivity has been identified as a potential cause and consequence of chronic drug abuse (De Wit, 2009 ). However, the associations between impulsivity and chronic cannabis use specifically are unclear. Some studies have found evidence of greater impulsivity and impaired response inhibition among chronic cannabis users after a period of abstinence, while others have found no such effects (for a review, see Crean et al., 2011) . Most recently, a study of a relatively large sample (n=65) of young (mean age=20.3±2.0 years), non-treatment-seeking chronic cannabis users found no differences between those individuals and age-matched non-users on several measures sensitive to impulsive decision making and response inhibition (Gonzalez et al., 2012) . As noted previously, users and controls did not differ significantly in terms of their error rates on the XOCPT in the present study. If greater impulsivity was the reason for faster RTs among users, then we might expect them to commit more errors on the task as well as to have greater difficulty inhibiting the prepotent motor response on rare target trials. At present the association between chronic cannabis use and impulsivity is unclear, and additional research on this topic is warranted.
Comparisons with acute administration studies
While the current study focused on the ERN, Pe, and P3 in cannabis users who were not acutely intoxicated at the time of testing, previous research has examined the effect of acute THC exposure on these components. Spronk and colleagues (2011) reported a significant reduction in ERN amplitude to errors on a speeded response task following acute THC administration relative to placebo, suggesting that behavioral monitoring as indexed by the ERN is impaired during acute cannabis intoxication. The active dose and placebo groups did not differ in terms of their performances on the task. However, the authors did not report on the effects of THC on Pe amplitude or latency in that study. Several studies have found that acute THC administration is associated with reduced P3 amplitude in response to target stimuli on working memory or choice reaction time tasks (Hart et al., 2010; Ilan et al., 2005; Ilan et al., 2004; Roser et al., 2008) as well as on traditional "oddball" target detection tasks (D'Souza et al., 2012) suggesting that acute intoxication disrupts cortical processes involved in context updating and attention. Previous studies have reported mixed results with regard to the P3 in chronic cannabis users (De Sola et al., 2008; Kempel et al., 2003; Patrick et al., 1995; Solowij et al., 1995) although at least one study has reported increased P3 in users relative to controls during a visual oddball task (Skosnik et al., 2008) . The results of the present study suggest that the residual effects of chronic cannabis use on the ERN, Pe, and P3 may differ from those of acute THC administration. This is in line with previous research which has found differences between the acute and residual effects of cannabis use on neurocognitive functioning (for a recent review, see Crean et al., 2011) . Future studies which compare directly the effects of acute cannabis intoxication versus those of non-acute (residual) use on the ERN, Pe, and P3 would improve our understanding of the effects of cannabis use upon of processes related to performance monitoring, attention, and memory.
Limitations
The results of the present study should be interpreted in the light of some potential limitations. We were not able to quantify the concentrations of the different cannabinoids (e.g. THC, cannabidiol) which were present in the cannabis consumed by the user group. Different preparations of cannabis (e.g. marijuana versus sinsemilla versus hashish) vary considerably in terms of potency (Mehmedic et al., 2010) and consequently may differ in terms of their effects upon neurocognition. In addition, quantity and frequency of cannabis use was based on self-report and may have been susceptible to individual differences in accuracy of reporting. However, all participants were screened for recent drug use prior to the EEG recording session, and urinary metabolite levels correlated with self-reported cannabis consumption (joints/week) and frequency of use. In addition, because cannabis users were tested after abstaining from cannabis use for 24 h, it is unclear whether the present results represent the residual effects of chronic cannabis use (Pope et al., 2002) or consequences of cannabis withdrawal (Budney et al., 2004) . A future study examining ERPs related to performance monitoring in cannabis users who vary in terms of abstinence duration would provide further clarification on this issue. Another limitation of the study is that cannabis users and controls differed in terms of tobacco and alcohol use. However, there were no significant differences in ERP outcomes between cannabis users who used tobacco and those who did not use tobacco, overall alcohol consumption was low in both groups, and alcohol use quantity and frequency were unrelated to ERP outcomes. It will be important for future studies to consider further how individual difference variables (e.g. a history of polysubstance abuse, age, chronicity of use) contribute to differences in ERP outcomes across studies and within samples of heavy cannabis users; such an analysis would require a larger sample of cannabis users who varied widely on the specific characteristics of interest. In addition, our correlation analyses were exploratory and we did not correct for multiple comparisons. Future research should attempt to reproduce the pattern of associations shown in Table 3 . Finally, the cross-sectional nature of the study precludes a causal interpretation of the present results. Chronic cannabis use may lead to alterations in the Pe and P3; alternatively, individual differences in the neural processes underlying those components may be predispose individuals to use cannabis heavily.
Conclusions
To our knowledge, this is the first study which has examined the non-acute effects of frequent cannabis use on the ERN and Pe. The results suggest that chronic cannabis use is associated with alterations in neural activity related to the processing of motivationallyrelevant stimuli (P3) and errors (Pe). No group differences were found in terms of the amplitude or latency of the ERN, an ERP sensitive to response conflict and error monitoring. The increased Pe amplitude in response to errors among cannabis users in the present study is in line with previous neuroimaging studies which found evidence of altered neural activity during performance monitoring in heavy cannabis users relative to controls (Eldreth et al., 2004; Gruber and Yurgelun-Todd, 2005; Hester et al., 2009 ). Heavy cannabis users may recruit compensatory processes to effectively regulate their behavior and monitor their performance (Hester et al., 2009; Tapert et al., 2007) , although additional research is needed to confirm this hypothesis and rule out alternate explanations (e.g. higher anxiety or arousal). Recent cannabis use, assessed via urinary levels of THC, THC-COOH, and OH-THC, was unrelated to ERP outcomes but associations between ERP measures and self-reported cannabis-use variables (age of first cannabis use, total years of use) were observed. Further research is needed to further clarify associations between stimulus and error salience, P3, and Pe amplitude and latency in cannabis users, as well as the relation between chronicity of cannabis use and ERP correlates of performance monitoring in chronic users.
